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Shakedtwn operation of the bipropellant rocket motor at 300 pei
ohasber prassure was completed, Steadyestate tests were run at mixturo

ratios from .95 to 1.3, and satisfactory operation was achieved, Mnor

modl.flcations and revisions necessary inoluded addition of sn automatic
sutout for the squib Aigniter and safety fuse, and installation of a pumpe
pressurised nonsle aoolant system to replace the unsatisfactory shopewater
systex Wwsed on the shakedow series of testes, A detallsd Dreakdown of the
results of the first eighteon test runs is inoluded later in the repurt.

The bipropellant flow modulating unit has been chesked
satiefactorily at speeds up to 12,000 RPM (200 oyoles per sesend) wader
presswe conditions corresponding to thows at 300 psi chasber pressure,
The monepropellant wnit, with a 1 HP interim motor replacing the 3/L HP
drive originally used, has been cheoked satisfactarily up to 150 oyeles
per seoond under typioal pressure sonditions, |

The major effort during this report psriod vas concentrated on
the instrusentation refinement program. Redesign and development of the -
cathode followers used to record mean values of the osoillating ﬁauwﬁ,
on recording potentiometers owlminated in an overald accuracy of 1 0,2%,
Further refinements and modification to calibration tochuiques wsed in the
1d=ldn puuur; plokups have been successful in obtaining consistent
results with errors of the order of # £§ of full soale, Calibrations of the
transient data recording system now under way indicate that acocuracy levels
are attainable which are appreciably better than have besn heretofore

achisved,
A complete revision of thw osntral recording roou fasilities has

‘been made, providing suoh features ss universal patoh~panel hookups, 00K
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onexial cable connections throughout, ragulated power surolies, stable

G £2lmsent powsr supply, and proper signal ground peovisions. Careful
sbention Lo detalls of this Lype han reduced the pressurs piokup -w
noise lavel by a factor of fyom ten to thixty, with comparadle improvemsnts

in other oirouit features,

IXs  INTRODUCTION |
Ae  (bjeet,

BuAse Oontract NOas 52+713e¢ was undertaken as a part of the jet
propulsion research program of the Departaent of Asronauties) Engineering
at Princetom %o "oonduot an investigation of the genexral problem of
oombustion instability in liquid propellant roaket engines,” This program
shall eonsisy of theoretioal analywses and ?wmma verifioation of
theory, The ultimate objective shall be the coilection of suffiolent data
that shall permit the rooket engine designer to produce powes plants whieh
are relatively fres of the phenomena of instability, Interest shall eenter
in that form of unstoble operation which is charadterised by high frequensy
vibrations and is comonly knows as “scresming,* | |

B, Hstory
Interest at Princeton in the problem of combustion instability

in Mquid propellant rocket motors was given impstus by a Buvesu of
Asrenautios aymposiva held at the Naval Researoh laboratory on vhe 7th and
8th of December 1950, This intersst resulted in theoretieal analyses by
Professors M. Suwerfield and L. Grogoo of this Center,

Professor Summerfield!s work, "Theory of Unstable Combustion in
Jdquid Fropellant Rooket Systea® (JARS, September 1951), considers the
offeots of hoth inertia in the 1iquid propelisnt feed lines and oowbuation
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\ A amstant rate monopropellant fesd sywtem was designed and
preliminary designe of the ethylene oxide rocket motor and the
instrumentation systems were worked out, Special features of the projected
systems included a flow modulating unit to cause oscillations in
propeliant flow rate, a weter-cooled strainegage pressure piokup designed
for nm mounting in the rocket chamber, and several possible methods

for dynanic measurement of an osoillating propeliant {low rate,

Searches were nade of the literature for sources of information ‘
oo combustion instability and ethylens oxide, and visits to a number of |
aotivities working on liquid propellant rocket combustion instabiliiy
problems were made for purposes of familiarisation with equipment and
- results,
The basio precepts of Crocco's theory for oombustion instability
“} were reviewed, and detailed analyses made for spevifis patterns of
ocombustion distribution,

Oparational tests and calibration of the Princeton=MIT pressure
plokup proved the value of Lhe design, although failure of the plekwp |
wder "soreaning” rocket oconditions showsd the necessity for modifioation
of the oooling system,

Construction of the monopropallant test stand and roeket motor
ws somplated, Modifications were made to tho Princeton=-MIT pru'u'o
plokup to provide for higher pernissible heat~transfer rates in order that
it be satisfactory for use under "soreaming” conditions in a bipropellant
rosket moter, Oonstruotion and preliminary testing of the hotewire flow
phasemeter and its assooiated equipment were completed.

A new omtyeot, NOas 53=817-n, dated ) Mareh 1953, was granted by
the Bureau of Asronautiss to continue the program originally started unde
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Was 52071340 Operation of the monopropellant rocket motor was begun
undear this new oontract, and shakedown operations were completed, It wam
found that decomposition of ethylene oxide sould not be attained with the
original motor design despite many oonfiguration changes, and it was
decided to avoid a long and costly developwent program by operating the

! "monopropellant" motor with small amounts of gaseous oxygen. The required
| dinita of oxygen £low rate were detormined at several chamber phnwu,
and it was demonstrated that the oxygen would probably have a negligible
effect on performanoce when oompared to the effect of ethylsne oxide flow
rate modulations Preliminary tests with flow rate modulation up to 100 ops
were performed for the purposes of system checkout, using interim AC
awplifiers in lieu of the necessary DC instruments,

The time constant of the hotewire liquid flow phasemater was
found %o be 0,15 milliseconds and preparations for instantaneous £lew
calibrations were made, A test rig was construstod for this pwrpose,

A bYipropellant rooket system using liquid oxygen and 100X ethyl
alechol was designed on the basis of moncpropellant ownﬁhu& experience,
incorporating an adjustable=phase flow modulating unit on both propellants,
Injeotor design wa based on & configuration used extensively by Reaction
Motors, Ine, ,
Operation of the monopropellant system was performed with Llow
modulation at frequencies uwp to 120 ops, using a ocomposite instrumentation
system Lo measurs mean values, amplitudes of omsoillation, and phase
difference between injesctor and chamber pressires. Analysis of the results
of this progran demonstrated approximate adherence 40 the pressure~time lag
relationship used in Orocoo's original theoretisal treatment, Accurasy
of the measurements was not adequate to provide a detailed chack of the
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theory, however, 3o an instrument refinewsnt and developwent program was
initiated,
The Mittelman eleotromagnetis flowmter proved unsstistactory
due to equipment malfunotions, and had to be abandoned zs w possible means
of measuring instantaneous flow rates. The I dynamic flowmeter also
experienced a number of mechanical fallures, and it was deoided to
sonoentrate all flow-measurement effort on the hot=wirve, which, of all
floweters tested, appoared to show the most promising resulis,
Construwotion of the bipropellant test stand was ocompleted and the
stand was put in readiness for operation. Subsequent effoxts are presented

in detall in the present report,

IXX, THEORY

An analysis of the special case of high=frequensy comoustion
instability with conoentrated combustion and distributed time lag has been
performed, Here, all propellant elemsnta are assumed to bun at the same
physit 1 location in the chamber, but are assigned an artitrary steady-
state distribution of pressure-sensitive time lags. The fundamental result
of the analysis is that distribution of the tLime lags has a stabilising
offect on combustion as cumpared with the case in which both space and time
lags are assumed uniform, This condition wes previously found to exist

for low=frequenoy instability.
" Details of the analysis are inoluded as Appendix A to the present

report,
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Ay Menopropellant Rooket Mewor ' |
No testing was performed on this stand during the report period
due to aotivity on the bipropellant system and the instrumentation
development programe Repairs to the flow modulating unit were oompleted,
and operation with the pump-pressurised lubrioation system was satisfastory.
Failure of the unit to sxoeed 125 ayoles per second was trased oonolusively
to insuffioient power of the U, 3, Motors varidrive, and the manufacturer
supplied a 1§ HP replacement as an interim measure until the eriginal ‘
3/4 HP stator esuld be rewound to supply 2 HP, which is She maximum rating
for the exioting frame, With the i} HP drive, speeds of 160 eycles per
seoond were achieved at 850 psi line pressure, and it is estimated that the
fortheoming 2 HP installation will extend this range wp to 175 e 180 ops.
This is eonsidered or'. "rely satisfuctory for the next seriss of mone-

propellant test runs,
B. Bipropellamt Rooket Meter

Afser completion of preliminary water flow and pressure cheeks,
the liquid oxygen system was dried as completely as possible in the sub~
fressing winter tewperature, and propellant flow checks were begwm, It
was disoovered that the Potter flowmeter had been inadequately dried, and
had to be baled dry before the t ests oould be completed, After satisfastory
£1ow ohecks had been made, providing determination of the proper orifiee
sise in the liquid oxygen prescoling system and other operating informatlon,
cheskout, of the w'roho)md.o igniter revealad that improper elsotrisal
igolation of the safety fuse after burnout caused the safety system to
operate, preventing the propellant valve from openings This was corrected
Ly addition of a holding relay to lock out the entire igniter electrical
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nysten ciee the safety fuse had opwied the propellant valve, and setinfaotepy
sparation was ashieved,

The fivst Lfowr fiveesesond test rune were not entirely
sailafaetory An $hat rough burning wes experinoede The exast matere of

. e combwation could not be determined, sinoe no tsansient instrusontation

was woed during the shakedows yuns in order to Aveid pessible damage 0
the semsing ejementss It was believed, however, that the rough buning
was caused by oxygen vaporisatien in the injector, and the liquid exygem
foed lines were insulated priss %o the f£if8h test run. No evidences of
wmnmmmwmmmmmm;mwtmm
theveatter, ‘

' These firet four tests provided the balanes of required
operatienal datas 0.g., the time necessary for presooling the liquid exygen
line, the proper seting of the Simesdelay safety sutout (eperated Wy
shosber pressure), ete., and a nixture=ratio owrve at 300 psi echamber
Jressury WA run, beginning at ma exygen=fuei retio of 95 and inereasing
with eash teneseeond run wp t0 & maximum of 1,3¢ It was disesvered after
B 15, howwver, that the liquid exygen preccoling valve was lesking bedly,
and 4t was replased. As & result, Run 16 indlcated a marked inprevement in
ntmo.hdlmdhunwmmwtﬁhwmo
Operatim was satiefastory wtil after Run 18, vhen inaspectien of the nossle
revealed a small buxnout Just downstresm of She throat (See Pigure 1)s The
sanse of the burnowt was tresed o insuffiolent nossle cooling water
prosswrs, vhish had fallen to the neighborhood of 25 pai, oneethird of the
ninimm requirement, during the run, !ooauu of this unreliability in the
shep water mupply, it was decided %0 install a pump-pressurised nossle
eoolsnh system, A spare noasle, prepared in advance in onse of sush failure,
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was installed, and a puwp and motor of proper oapacity were ordered,
Testing will continue when the new nosale coolant supply system has been
ocomplated,

The f£low modulating unit has been operated satisfactorily wp
%o 200 oyoles per sscond at 600 psi line pressure, and is available for use
in flow oalibrations and rooket tests, Modulated flow operation will
begin upon conclusion of the instrumentation relinement program discussed
below,

A suxrplus vasuum=jucketed liquid oxygen storage tLank and vacuum
pusp have been paxvcured and installed, The only major service items still
outstanding are the tank sight glasses for liquid-level dobﬁhution in
the aleochol and nqum oxygen propellant tanke. ‘

Ce Instrumentation
e FPressure Plokupe:

A oomplete history of the various lieldu piekups is presented

here for reviswm
Differential Plclupses

Mumbers 1, 2, J, the origimal wits, were fitted with the improved
bask-preasure seals, and had occoling passages modified for high heat
transfer rates, Mt won oalibration were found to exhibdt appresisble
hysteresis and nonlinearity (ever 2£)e They were returned to Vhw vendor
for ceplacement of strain tubes and for diaphragn assembly modifications
noted below,

Number 10 was ons of the late model piokups, incorporating both
isproved haok=pressure seals and modified cooling passages, It was smt
te Bell Alcoraft Corporation for vibration and secelsration Lests after
having besn statioally oalibrated at Princeton. Upon its retwrn, it we
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found to be highly nonlinear, and was returned to the vendor for s new
strain tube and disphragn assembly modifioations noted helow.

Numbers 11 and 12, similar to Number 10, were used on
approxiqnhly LO monopropellant rocket test runs and numerous flow
calibrations, Both plokups have performed satisfactorily on all oceasions,
and are available for continued use.

) Mumbers 13 through 15 are new pickups, identioal to Numbers 11
and 12, exoept that tolerances on the safety=-stop spacer ring have been
tightened up to improve !vﬁu'u:io characteristios, These plokups have
not yet been oalibrated. |

Absolute Piokupss

Mumber L was burnied out on & sersaming rocket test at NAGA, and
was repaired and modified to inorease allowwble heat transfer rates, This
modifioation was apparontly suscessful, sinoe no burnouts have sinse been
experiensed, After completion of repairs, Number 4 was returned to NAGA
for deternination of temperature m;itlvtty in an eleciric furnace, at
vhioh time one of the straine-gage electrical connections failed, This
has #ince been repaived, and the plakup is now on hands Full safety
overload wtops were incorporated on the [irst repair,

Nwber 5 was used on hydraulioc flow tests, and experisnoed
mechanical buckling of the strain tube when exposed Lo Water-hammer
oconditiens, The strain tube was replaced, and the pickup used on &
nuber of water £lov salibrations, It was recently returned for installation
of safety stops 40 prevent tranmmission of overloads to the strain tube,

Mumber 8 has been used on flow stwdies and on two bipropellant
rooket tests, On the second Leat a strainegage electriscal aomnection
failed, and the pickup was returned to the vendor for repalrs and for
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installation of safety stops,

Nusber 9 was used to take valid data on a soreaming rocket motox
at NACA, Mechanioal buckling of the strain tube was encountered after the
seaond test rum, and the piokup was returned to the vendor for replacement
of the strain tube and installation of safety stopms.

Dy Plokupes
~ Numbers 6 and 7 were both used on & nusber of heat-transfer
tests on uncooled "msoreaming" motors at NACA, They are still available
(at NACA) fer additional teating of this type. .These "dumnies" have
standard disphrage, cooling and dimensional configurations, but do not
possess strain tubes or eleotrical wiring,

Detaliled hysteresis calibrations of the available pickups
ocontinued during the report period., Several of the piokups were found to
be entirely satisfuctory Loth on direct calibeation and when calibrated
with she improved mean-value recording system, produsing an overall error
not exceeding 1% of the differential range, However, not all piokups
tested performed within these specifioationse In partioular, Plokups #1
and #3, which had besn held to a linear range of approximately 200 pei,
were found to exhibit sppreciable nonlinearity as well as'aysteresis, and
were rotuwrned for installation of new strain tube assemblies as indicated
ubove, Upon complstion of forthooming oalibrations on Plckups #13
through 16, all differential piokups will be revised as necessary to
duplicats the performance of #11 and #12, which exhibit the satisfactory
agouracy mentioned above,

The acceleration tests performed at Bell Airoraft Corporation om
Mokup #10 were not quantitatively conalusive; however, no deviation in
sero signal was observed at shaker-tuble frequencies uwp to 2,000 eps
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(appeoximately 12g maximm accelexration), and no effects of centrifugal.
sooelavations up to 28g wers observad, m:tmﬂ the oonstruation of the
plokup, it is probable that ssoeleration effects will be negligible wp to
etiremely high gevalues, but some oconfirmation of this feature must
eventually be obtained, One faotor whioh must, however, be quantitatively
oheoked with care is the temperature drift under typical rooket applications,
Flans are now being made for determining this effest in both ooolgd and

" unoooled rooket chanmbers under stable and unstable conditions. It has also

never been determined whether the diaphragm eooling provisions are
satisfactory under “equilibrium® conditions of highefrequensy instability,
#inoe the only available “soreaming” data has been obtained on short,
woooled rocket runs with d;n'ntionn of the order of 8 sesonds, Thie
question will also be resolved by the use of cooledemetor tests.
2. Tloweterm

Refinmmemt of the hotewire apparatus i eentinuing, with attention
being foeussed upan both probe and constant~temperature amplifier
development, A new type of probe, which oconsiste of a fiberglasa filament
soated with tungsten, has ylelded much higher resistance (and henee
seaitivity) than the original nickel wire, permitting a much smaller
element to ba used, Sensitivity tests have also revealed that an encrmovs
inorease in permissible wixe temperature has besn made possible by both
the use of tungsten and the high flow pressures prevailing in the simulated
rooket injection system, and a highly improved transient signal will be
available in view of the resulting marked inorease in probe senritivity,

Modifiostions to the constant temperature feedback swplifime
and other electronio componsnts of the hotewire flow phasemster are in
progress to correct elactrical phase~shift in the dealred range of operating
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frecuencien, md to level off the frequencyerssponse gurve at the low end,

vhere initinl testing will be performed, DUynamic oheaks of the probe snd
) anplifier combination are wxpected to be made on the motwpropsllant stand

during the next report period.

3¢ Recoxrding System
For purposes of oganising the instyrumentation refinement program,

the recordiig system has besn brokon down into four seotionss Meansvalue

resording, transient recording, phase-msasurement, snd general signal

tranmisslon and handling,

(a) Meanwvalus recordingt
The two major items in this system are the leeds and Nexthewp

. eantinuous recording potentiomsters and the gmhodoromma wsed for
isolating the mean pressure values from the transisnt portions of tho
sigaals, The mejor problems encountered in development of this esmbination
were drift, hysteresis dus to exeessive electrical dasping, nenlinearity,
and ground ourrents, noise, eto, IDrift was essentlally eliminated by wee
0f a balanced oathode foliowsr output, no readable deviation being resewded
in over two hours, The proper elsctriscal time constant was reashed Wy
trisl-andeerror selsotion of resistors, achisving an optimm balanse
betwosn stability and speed of respense. Nxtraneows infiueness were
reserded by grounding one inlet signal lead and using battery powsr
owpplies, The remult was a stable D.C, level resording system vhieh will
preperly aversge an ossillating signal to previde its mean value within
4 2 0,25 rending sxror,
S Two channels of the final eathods followsr design were ecastrueted
{ . and sheoked out, A third channel is now under aonstrusiien for the Ahird
' pressure-piokup channel in the bipropellant systen. Thres fixederange
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resording potentiometers with 0«10 millivolt fullesonle deflootion are used
with the cathode followera,
(b) Transient recordings

The basic 1tems oonsist of a Lfour channel constantephase A0,
amplitier, a fourwohannel FM tape recorder, four chamnels of ocathode
followsr for tape playback, and a recording magnetio oseillogreph for
witimate viewing of the taped data, The only item so far dealt with has
been the tape recorder, which has been adjusted and chooked for proper
operation of all componsnts, The cathode followers have besn designed and
are now nearing completion in the electronics shop. This system will be
ahecked out during the fortheoming report periode

(o) Fhase measurexent)

Two possible techniques have besn considered, depending on the
nature of the signal received from the modulated test runs, 1f the sigaals
are suitable for lowepass filtering, it will be possibla 40 measure an
average phase shift over a number of ayoles, This will be done by
adjusting an R«C phase-shifting network until the two signals whose phase
differense is to be measured form a straighi=line lissajeus pattern on the
oncillosnope sereen, and reading the amount of phase-shift nessssary te
ashisve Shis oonditlon, This teshnique implies, however, that suitable
lewpase filters oan be oconstructed whose phasesshift and frequensy Xesponse
in the operating frequency range will be satisfastory, A seb of M-dexived
f£ilters with shixp ouwtoff settings of 70 aps, 170 ops, and 230 aps Are now
wder oonstruotion; however, if thess filters prove wnsatisfastory from

‘sither & phase=shift or frequency respense standpoint, several sestiems of

an R«C filter oan be sasily constructed, the only dissdvantage of the latter
being the #ecreased sharpness of outoff obtainable,

Sl i
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In oawe the mignal is not amensble to filtering, s teohniqua has
bem evilved whereby the phase differsnco betwean two nonssinusoidal signals
oan be messured at each instant and the output recorded eentinuously, thus
pplying a pointehywpoint indication of the phases This teohnique
involves the orwation of a pulse at the instant the valus of an AC signal
oXoNses Nero, and measurement of the time bLetween the inoidense of two
sush pulses in the two signals whose phase differenee is to by meamured,
Hesaune of the inoreased oomplexity of measurement and analysis of this
data, however, it is hoped that the raw signals will be of sutfficient
reqularity to allow the filtering method to be used,

‘ (d) Deta transmission system:

Much of the inacowrsey as reported on previous data takem with the
recerding systen used has been dus to the introdustion of lp\ﬂﬂi signals,
u;u noise=devel, and various other effects upon the transmisted signal,

1!» wah found, partioularly in the system used m the pressure piskups,

thM inprocer grounding of the transmission line was responsible for a

large nmber of oiroulating ground ourrents which have the effest of
intredueing appresiable lwm into the receiving instrument, Furtherwore, the
wee of a large number of plug=type sonnectors was responsibls for high
sigeal resistance in the long trensmission lines, Inadequate shielding and
prounding of the shields created still another inorsment of noise level
which helned Lo reduse the overall.asovresy of the signale

, The entire data tranmmdcsion line systen was rewceied sad rebuilt
% weing eeaxial sable vherever possible, reducing the mwber of plug seuneators
S R $0 an absokute minimm, and taldng extrems oare thet vhe single-ended signal
. . was prewnded at one pelit and one point only; namely, at the rweeiving
instrument growd buse The pressurs piokup power supplies and balaneing
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bridge eirouite were revised to lower thedr overall impedsnoe to ground,

and therefore to qut down thelr stray hum piekupe It was fouwnd aftew the

revised system wan chegked out that the overall RMS noise level was

reduoed from & value which formerly had varied anyvhers from one to three

or four mullivolts down to a consistant value of less tha )/10 of one j

mlllivolt, This latter noise level corresponds to a resolution of

approximately 1 psi with a typical pressure piokup, | |
A oorplate revision was made of the ventyal reccrding room ' ’

facility, The new arrangoient provides for universal ,putoh-nnolﬁookupc

in whioch any instrument may be applied to any sensing slessnt in use in a

matter of a fow minutes, OCeaxial cable comnections were used throughout in

order %o reduse noise pickup and to maintain proper grounding of all

signals, Initial experience with the new arrangesent has indicated a

mariked lmprovement in operatling effioiency and incidenoce of personnel

arrors a5 well as the previously mentioned improvessnt in electrisal

tranmdienion ahareoteristios,

Ye INPORMATION AND DATA

3. Mprepellant, System . .

A brief remie of the first eighteen test rus onth-,
Wiprepellant test stand is presented here, Detailed results are
sumarined in Table 1,

Rupg Mgaber 1, 2, 3, Ly These runs were all made for the
ppese otrm&u operational data on the test stand itself. No
instrussntation other than bourdonstype gages and Pottar flowmeters were
wsed for these runs, in order to nvoi‘d poasible damage Lo the more delisate
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senaing elementa, Ignition was satisfastory, but none of thw Lirst four
rie war allowed to extend to full term (10 wesonds) becsuse of sppreeiable
oombustion roughness of an irregular types No detallsd information on the
character of this combustion is avallable becavse of the lack of
instrumentitions The mixture ratios varded from sbout .8 to l.d en the
four runs as recorded by Potter-type flowmeters,

m!w These runs were satisfactory in that
proper insulation of the oxygen feed line eliminated the reugh ecmbustion
noted on earlier tests. However, some of the minor mschanieal features and
operational instrumentation of the test stand did not operate exastly as
required and oonsequently these runs were not entirely satisfastory,

Runs Nymber 8 through 151 These runs were all perfermed nder

_ apparently normal oconditions at approximately 300 psi chamber presmire,

The runs vere of approximately 10 seconds duration, It was noted after
Run 15, however, that the liquid oxygen precooling by-pass line was leaking
rather severely, and this was repaired,

Runs Mhumber 15, 17, and 18s Thes runs wers made L0 reshesk Deme
of the points made on previous tesmts, It was found that perfermance wes
sppreoisbly higher after the oxygen leak had been corrected, and
sonsequently & new mixtureeratio ourve was begun, After Rwm 428, however,
mumo:mm«mmnuummwwum
nounle just down stream of the throat, (See Figure 1) As pointed owt
previously, this burnout was adjudged %o isproper nossle voolant pressurs,

The mixture-ratio ourve is inocluded in Figure 2, showing the marked

Lngrovemsnt of the oxygen leak which had apparently existed up to and

ineluding Run #15, The mixtwre=ratio curve both fop this pressure and for
the 600 and 900 psi chamber pressures will be completed after delivery of the
oeslant pup and motors
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(IQ) cory = Imp + om<%'g)

TABLE I

Yo {E S SRS TN 1 -y AN

DETAILED ALGOHOL~OXYGNN PERFORMANGK DATA = RUNS ¢#1~28

AUM CHAMBER  THRUST
WO. PRESSUNB (1B3.)
(Ps1a)
b 8 - -
‘2 255 178
3 268 A87
W 2% 387
5 L+ 4] mn
6 - -
T %25 200
) 8§ 33 M
. y W 300
10 - -
n o 258
12 N %9
W N4
W e ne
U 30 J00
T ] 20
b § 39 320
T R n
’ NOYES

A Sy A28 = --

HIXTURE
RATIO
(o/7)

o
8
Lok

" 128

99
1.0k

9
L1
.13
lo2k
.5

95
1,08
1,20

k1)
226
22
2%
2

cEF-BREEEEEK"

Imp Isp DURATION COMUMTS ,
(axooNp8) (CORR, 70 (S¥OONDS)
Py=300)
- 2,0  ROWGH COMIUSTION
(NoT PLOTTID)
1% 502 ROIH COMBUSTION
(NoT PLOTTED)
i) 3.6 ROUGR OOMBUSTION
(NOT PLOTTID)
A9 Le? | CQMBUSTL
(¥0? PLOTIED)
- Weks %O OX FLON RECORDED
. 0,8  CHANDAR PRESSURE SAFETY
INITON CUTOUT
208 T N PHOTO TAXER 700 800K
(n0? PLOITID)
211 10,7 NORMAL
70 b1 4 IRAL ‘
- 1  OHANBER PRESSURE SAFETY
SWITON CUT0UT
90 0.7  SEVIRR FURL LRAK
(0T PLOTTID)
15 546 SEVIRE FUBL LEAK
CORAROTED (MOT PLOTIED)
218 0.2 NOMMAL
220 10,5 RORMAL
0.5 NOTED SEVALE O ABAK
OCRRBCTED SATISPACTORILY
220 20,6 NORMAL :
25 12,0 NORMAL
225 Ok NORMAL~ NOEXD NOKSLE
BURMOUT AFTER TEST
—1 v e we o “J"\,; Y .‘M',:"'.,:.,\ ) aacando 0
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APPENDIX A

HIOH=FRFQUENCY COMBUSTION INSTABILITY IN LIQUID
PROPELIANT ROCKET WITH CONCENTRATED COMBUSTION AND
DISTRIBUTED TIME LAG

2)



LIST.OF SYMDOLS

choracteristic time = time required for a sound wave to travel
the entire length L of the combustion chomber filled with
stagnant burned gao

dimensionless time

dimenoionless length

veloclty of the gas in unateady and steady state operation
nondimensionalized by the stagnation speed of sound

= Mach numnber of the gas flow

» instantaneous falueu of pressure, density, and tempsrature nonw
dimensionalized by dividing with their respective stagnation value

w dimennionlens oteady state values of f ’ r and T

w dimensionless instantaneous perturbations over their respective
stendy state values

- §§§t§%ﬁﬁti8§39°"d”nt parts of pressure, density mnd velocity
w dimensionless instantaneous value of the time lag reduced by the
characteristic time (@@ /2

=T, +T

= dimenaionless valus of the part of the total time lag which is
ingensitive to oscillations in combustion chamber

= dimensionless steady state value and instantaneous velue of the
other part of the total time lag which is sensitive to
oscillations in combustion chambey

» arithmatic mean value of the maximun and the minimum values of the
(sensitive time leags ol a group of propellant elements

= fractionsl extent of the spread of the sensitive time leg
» effective sensitive time lag of a group of propellsnt slementis

» magnification factors of the «ffect of the spread of sensitive
time lags defined in equation (2,13)

» dimensionless dlstance of the concentrated combustion front from
the inj)ector end expressed as a fractlon of the characteristic
length L
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w insensitive space lag = distance travelled by probcllmt element
during insensitive time leg .

- cxponént in.the preasure dependence of the time leg » intersotion
index

w minimum value of intesaction index:compatible with any unstable '

oscillations in & system

» rate of injection of the propellsnt per unit eross nctionul
sres of the combustion chamber '

wm yate of the genaration of the hot gas from the combustion of the
propellant per unit cross sectional ares of the combustion chamber

= root of the chavacteristic equation with the dimensionless time
as the indapendent variable

- dimqnlionlui smplification coefficient

= dimensionless angular frequency

= sdisbatic index of the combustion gas = ¢, /ey

= reduced angular fnquenc;{r of the oscillation

= the specific acoustical admittance ratio of noxsle

= the ratio of fractional variation of velocity to fractional
variation of density at combustion chamber exit or entrance to
nozzle

= resl and imaginary parts of I (@, % ). .

= integers characterizing discrete unstable range of the values of
sensitive time lag for a given moda

= integers characterizing the modes of the oscillation




rig. 1
Fig. 2

’1‘0 3a
Fig. 3b
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rig. 5

Tig. 6

Fig. 7

Tig. 8
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Specific admittance ratio I ( B , U) of & nozzle with linesr stesdy
state veloclty in subsonie porxtion.

The magnification factor of the effect of time lag spread: ¢ , ,
linear distribution; ¢, , cosine distribution.

The real port X of the expression defined in equation (3.1).
The imeginary part ¥ of the expression defined in equabion (3.1).

Critical velues of interaction index n for neutral oscillations of
reduced frequency # + For systems with smell time lag sprecd .
corresponding to ¢ » 0.9,

& Fundenental mode

be. Becond mode

Critical value of effective sensitive time lug for neutral oscillations
of reduced frequency for systems with smell time log spresd
corresponding to ¢ = 0.9.

&« Fundamental mode '

be. Becond mode

Stability diagrom for systems with small time lag spresd

‘corresponding to ¢ » 0.9, n = 1,00, u = 0,213, and ¥ = 1,20 plotted

with effective sensitive time lag ¥4 ve. position g ot
conacentrated combustion front.

Minimum velues of interaction index n compatible with any unstable
oscillations va. the megnification festor ¢ of the time lag spread.

Dingrams for greaphical determination of stability boundary for
systems with significant amount of time lag spread based upon

_equation (h.1)

Critical values of ‘nteraction index n for nesutral oscillations of
reduced frequency @ of the Fundamental mode with fractional extent
of time lag spread €, given as

(2). o= 1l (). L) 3/ (0)e €= % (a). ‘.'&"

Critical values of effective sensitive time lag T¢ for neutral
oscillations of reduced frequency /5 of the fundamental mode with
fractional extent of time lag spread €. given as ' }
(8): €=l (). Em 3/ o). &nf  (4), &b,

Stability diagrem Tg va. § for fundamental mode n = 1,00, h = 0,
¥ = 1.20 for systems with cosine type time lag spread of different
fractional extent €, .

Minimun. value of interaction index n compatible with any unsteble
oscillations ve. fractional extent €, of time lag spresd.
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Minimum velue of intersction index n corpatible with any unstable
oscillations ve. position € of the concentrated combustion front
for systems with difféxent senaitive space leg ¥-F; .
Fandsmentel mode, no time lag spread and ¥'= 1.20.

Minimun value of interaction index n compatible with any unstable
oscillations ve. position & of the concentrated coubustion front
for systems with different sensitive spsce log § - i o
!‘ux;du;ont?amodoo with small tin;c leg spresd corresponding to ¢ » 0.9
an - Ll .

. Unstsble ranges of the position of concentrated combustion front

as defined by the values of £, for systems with and without time
lag spread n = 1,00, Fundamental mode.
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h 8 Introducﬁon

The stability of high frequency small longitudinal disturbances superposad
on a combustion, system in a liquid propellant reckot operating at norual or
steady state has been investigatad on a M'mnriu'd basis in references 1, 2, and '
. 3. It is found that the configuration of the combustion system especially

concerning the spacewise and the timewise distribution of combustion elements is ‘
of considerable importance in determining the stability of the small disturbances. )

1
i
?4
¥

It has been pointed out in.reference 4 that under the assumption of instantaneous
combustion, the configuraticn of the combustion system csn be schematically
charauterised Ly two distributim funoctimo defining the"sensitive time lag"

) and the “total space lag" of propellant slements when the rocket is in steady g

. state operation. The time lag is a soalar quantity while the space lag is a A

‘ vector in general., In the simplified case of longitudinal oscillations, the )

rpace lag is also a scalar which is simply the distance frem the injector end ;1

%o

of the position where a propellant element 1'0 transformed into gasecus combustion
products, Owing to the complexities of the mathematical formulation of the

problem, previous treatments are only dealing with partiocular configurations,
Tn references 1 and 2 all the propellant elements are assumed to have the same
sensitive time lag and the same total spmce lag in steady state operation so

that a concentrated or discontinuous combustion front is formed in the |
. combustden chamber in both steady and unsteady state operation.. In reference 3, |
the time lugs of all the propellant elemints ars still assumed to be the same
in steady state and the problem has been formulated for arbitrary space lag
distribution while solution of the problem has been cbtained only for the
a:hglut extreme cass of uniformly distributed space lags,
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IR S N et Lt L
. i v bl PR \ .

PR BEFI 84



VoL e A ;o e e 9“ N RN P P ouh e A PP SINOME S w5 A e K I [PV . e

L

The present investigation is intended to look into the other extreme case
‘ whero all the prepullant elements axe wssumed to have the same total space lag
; y but have arbitrary digtr*ibutidn of the sensitive tima lag in steady stute. In
! other words, we intend to consider m combustion system with concentrated

. combustion front whers the propellent elenents that burn at the concentrated

combustion front at the inatan® t became sensitive at different instants t = T

b, ‘
m and in general at different distances from the injector end. The effoct of
! uprulding the sensitive time lag on the stability of low frequency disturbances

was shown (1) to be always stabilizing. The result of the present investigation

shows that the qualitative trend of the effect of spreading the sensitive time
lag on th; stability of high frequency diat:urbancu in a given system is also
. stabilising as compared to the corresponding system without time lag spread.
The stabilising effort of a given extent of time lag spread is more significant
towards higher modes of cscillations and the stabilising effect on a given mode
of osclllation is larger if the extent of spread is larger,
The analysls of reference 2 for the systems with concentrated combustion

front is made on the assumption that the sensitive time lag is of the order of

unity 20 that all propellant elements sense the variations of the thermodynsmia
states of the burned gas only in the immediste neighborhcod of the co;abuutim
, fronts When the sensitive time lag of an element is very large, the element
will sense the chamber oscillations during its travel through a definite spatial
range ‘F - ;,‘: immediately npstream of the combustion front, The effect of such

very J.nrga sensitive time lag and the sffect of the wpread of nuch large
' nm:.t!.vo tim lag are also treated briefly in the present pnpor.
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2, Formulation and (eneral Discussion

It is assumed in previous investigations that the propellant ¢1o;noixu before
being transformed into hot burned gas occupy little volume md hence do not
ocontribute to thn combustion chamber presaurs of the whole uyntm. The flow of
the bumed gas in atulw state on both sides of the concentrated cmbusticn
front are not affected by the fact that' the 'sensitive time lag of different
propellant elements are different, provided thnti the rate of burned gas
generation at the ooncontrihd Ioombuation front in steady state is the sume.

The description of the pror.;uation of small disturbances upct'ru'n (region 1) and
that downstream (region 2) of the concentrated combustion frent are identical with
those treated in Section 2 of reference 2. The only d.u‘tcrmoe between the
present treatment and 'that in rotoronocl 2 is the boundary condition at the
concentrated combustion front x = ; vhere the solutions in region (1) and

region (2) are joined together, With the ssme notation as was nsed in

reference 2, the solutions in region 1 and regiun 2 are given by equations

(2.502) and (2,5.6) in reference 2 as

¥ (1) = cs“ lep (—o{as x) [/-ex/ {..o( (a,‘,~a-, )x)]

S,(X)l"c,' ehp (~¢<a‘ X)[/-GJ(F {-K(ﬂnn'“g)x}] . | (2.1)
and

TJ(x).c, cx,(w(a.,x)[l-seap {o([a,, a4, ) G~ x )}7

§, Gr)n - Csa cx,o(-o{a,x)[ld-a exp [o( (an ~ag)(-x )}] (2.2)

for region (1) and region (2) respectively. Hore %/ 1s the velocity perturbation
nondimensionalised by stegnation sound speed in the burned gas and § is the

A s —m ittt ‘,.m,,:...,:..f“,‘“,, m,u.r:mwuw»aw*wmnm ‘aw..c.«wm-Mmu?nimm:ﬁ@W¢W,ﬁ§W‘ X'I*'f '« .
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be |

) density perturbation nondimensionalized by stagnation density of the burned gas.
The constant B is defined by
11 (g, 0) %

B (pR)= 7
. F IR ' (2.3)

R Rnsaadn oA

R

with I atanding for the specific acoustical admittance ratio of osclllating gas

flow'through & deLaval nozvlos The specific acoustical admittance ratio is tha
ratio of the f{ractional velocity variation to the fractional density varistion of
th& gas entering the nozsle. This admittance ratio depends on the reduced
frequency @ of the osclllation, the steady state gas velocity entering the

nozzle and the geometry of the subsonic portion of the nozzle. The values of
I (,s ¢ @) for a nossle with linear steady state velooity in subsonic part are

reproduced {rom (5) as fig. 1. For this particular nozsle, the reduced

frequency @ is equal to the ratio of the angular (requency of oscillation and

the steady state velocity gradient in the nozile,

N

The first part of the bouhdary ¢ dition at the ooncentrated combustion

P PP o e
" e
-

front ia atill the continulty of the pressure and the density perturbations

across the combustion front at any instant. The oharacteristic constant

- —spm— B s

o = N 44w is therefore also continucuse. The second part of “he boundary
condition at x w ;‘ concerns with the discontinuity across the combustion front
of the velocity perturbation that ls presoribed by the variation of the loocal
burning rate due to the variation of the sensitive time lags of the propellant
slements, Since the sensitive time lags of different propcllaqt elements,
unlike the case treated in reference 2, are different, we expect that the value
of W, ~¥, in the present problem is different from ¥, -¥, as given by
squation (2,4,2) of reference 2, The distribution of the smount of propallant

elements having different T will enter into the expression of 7{,‘ -, .

q ‘*‘t?‘»;"‘\“t"mmw ;f
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. The instantaneous velue of the sensitive time lag T of a given propellant
\ element is related to its steady state vslue & in terms of the local gas

%f pressure P au the position x' at the instant t' by the following integral

t relation as defined by Crocco (1)

- .
/t,,.,‘~ " [x' ce), 'f-"] olt’ 5 Conatont
¥ . ., : :
s ] t ’ [J et .
"/t"i‘ P [-X ("C}vi‘]oﬂ."l"” T (20-‘)
Here the integrand represents the local and instantaneous rate of activation and

* the constant value of the integral represents the total amount of activation

energy that is required for the given element to start the instantaneous

-

combugtion,

Tho local rute of activation processes depend on a number of physical

quantities such as the pressure, temporaturo,'rolative velocity of the

-

surrounding burmed gas and so forthe For small oscillations, all these physical
quaitities may be correlated and the local rate of activation can ba expressed

in terms of any one of these physical quantities. Following Crocco, the gas '

pressure acting on the unburned element is selected as shown in equation (2.44).

—

TP TR g PN TR e e oy e e i st

The interaction index n therefore represents an average index of the extent of

-
g S~
. =
-

v interaction between the combustion processes and the different oscillations of
' ) these physical quantities existing in the combustion chamber.

. The total amount of activation energy that each propellant element would
: absorb belore its combustion depends also on a number of factors a;md in particular
i the mixture ratio of this particular element. Owing to the nonuniformity of the
' atomlzation and the mixing processes and so forth, bthe total smount of
aoctivation energy as represented by the scnetant of the integral would be

different for different propellant elements. In the cases of conventional

% S NP LRI RAARMIT AR TR K 5 IR N KT ACRIRRAAY A et RIS A e Sl
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. liquid rocket engines except for the throatless motor, the chumber pressure
in steady state csn be considered as uniform everywhers in @ho combustion
| chanber, Thus the constant value of the integral can be upprdMutely evaluated
to be P" T a8 'shom in equation (2.4) That this constant value of the integral
varies with different propellant elements means that the stoady utyato value

-  —— S ";:"5' -

of the sensitive time Ilag varies with different propellant oloments, The sensitive

time lags of different propellant elements are therefore expocted to scatter or
spread in a certain region in the neightborhood of the mean value. The extent
of spread is likely to be larger for bipropellant aystems as compared to that

NES—

for monopropellant systems,

' ] let 2€, be the fraticnal total extent of the spread of the sensitive time
lags of the propellant elementy; 1.e. ‘5".,‘, - '5.,,,’,, v, T, with

-

, By *(Tpay #Fmin) /2« lat £ (€) bo the smount of the propellant
olemonta having sensitive time lags lying between Tw %t w CI+ € ) and

'cm'm »Ty, (1-€,) a8 a fraction of the total amount of the typical sample,
Thus £ (€, ) =l andf («€, )= 0O, This definition of £ coincides with the
definition of the distribution parameter f defined in reference 1l in the treatment

of the chugging or low frequency cuse, Since we are conaidering only instability
of the intrinsic type where the rate of injecticn and the pattern of distribution.
of propsllant elements are independent or insensitive to the oseillations in the
combustion chamber, £ ( € ) is independent of time. The fractional smount of
propellent elements having sensitive time lag lying between T and T + d T i

Af 4T < 4L dé witn |
A E"“d - o d ‘
o S 4f dr =) 4 dent (25)

The rate at which propellant elements of this category is being transformed into

bumed gas 18 given as

LA T
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The total rate of burned gus generation ﬁ\b':la obtairied by integrating m, P 4%

over the complete range of T, :

'EM X e ' “ - ;3?— é
"W'\bn g * WHh'E" .d‘(‘r'm“"j * ”ff"% C'"'g'(r ) d
- & ‘

Train o

The fractional variation of the rate of burned gas generation from the steady

ltl“ value ’Fb ) A = m,. is hence

1 [}

'_”*:‘_.‘.:‘.... ' S,.,.; 2 [0-42)- f_]nf°g_§(-§§)c/€ (2.6)

Differentinting equation (2.4) with respect ¢u ¢ to obtain &-T, substituting
this into equation (2,6) and replacing the instantaneous quantities by the sum of

mean quantities and their reapective perturbations of the exponential type, one

cbtains for equation (2,6) the following expression of the fracticnal burning rate

porturbation

Mpmvh L S,im‘x s { 7(ﬁ)~ flE: (t—t‘)?;ﬂ] AT

'ml,-‘

wne"‘*{sc;)f ﬁis[},.,(*fﬂ d?} (2.7)

where ¥ 1s replaced by & under the assumption of isentropic amall oscillation and
oquation (2+5) haa been introduced to obtain the last expression. Both ‘5'*# and
'E-’Fm /‘HE) and the integrand are functions of € , If § (;) does not vanish,

oqu'ation (2¢7) oan be rewrittén as

_".".h&',"t— 2 e ¢ (;’) [/.. Ce ““f"‘] (2,8)

M}n i\
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with

Loxte. S[E: (t-T)] -t g
Ce > .S'Go (#) sCE) (2.5,

L} '

‘where C and ©'¢ ‘are real quantities, . , |

v Equating the expression of fractional increase of burning rate to the.
fractional increase ot' the difference of the masp flow rates across the con;-
centrated combustion front, and introducing the exponential form of the smsll
perturbations, one obtains

1g~-»,+u.0~y»,)$,+m In s,'Ce-xf["‘*']uO (2.10)

which presoribes the disoontinuity of the vel ity perturbatien ¥ - V| across

the | conocentrated oombustion front.

If the concentrated combustion front is very close to the injector end where
both the mean velocity and tho velocity perturbation must vanish, the val coity

perturbaticn 1)‘ immediately upatream of the combustion front must be much smaller
than the velocity perturbaticn 1)4 immediately downstream of the combustion fronts
i.0., H |<< ‘ 1)‘ I + In this particular case equation (2,10) becomes after

dropping the subsoripts 1 & 2 |

Ve & (l-yn) g+ @ yw § Caxp [-%Te] = o . (a1)

By substituting equations (2,1) and (2¢2) into equation (2,10) and replacing
Oy ~ Qg by 2 under the approximation that &' < < 1, we obtain the following
characteristic equation

-8 e C1-¥)
'df' [;’T’é .::ffc,_, ;)::,1 ~ Tanh & F]= [Cl-j‘n)+ n Cexr@" Te )] (2:12)

for the determination uf the charscteristic constant o\ = A +.iw of a system
vith concentrated combustion at the position ¥. Equation (2.12) is closely

SR TN O 0.5 VA 2 IS0, AT YW IR 3 3 B T 22 «mwwsmmgwwwwwvw .
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snalogous to equation (Llel) in referenca (2)s The only difference between the

two is that the expression !.Af[""('”] in equation (L.l.s1) is replaced by

(3

| c exp [-d. ’Ee] in the present case.
For the determination of the stabllity boundary or the neutral curves with

& » Lw, c is the modulus and wTe 18 the effective phase angle ¢f the complex

= f'fc«~@~m‘vi‘v L

integral of equation (2,9)s Hence ¢ represents the magnification cr contraction
factor of the effect of the time lag spread and Te represents the effootive time
lag that enters into the stebility calculation of the combustion system with the

e e 2 e

particular distribution funotion £ (€ ) in question. Both ¢ and ¥e in general
depend on the type of the distribution funotion £ (€ ), the extent of spread
im E, » the poaition} of the concontrated combustion front and the frequency w

. of the particular mode of neutral oscillation, Once the dependence of ¢ and T e

£ I et~ ahesind Al e i

on theso parsmeters have been found for a particular distribution of time lag, '

s,

the determination of the stability boundary and the frequency of the neutral
oscillation will follow in a manner closely snalogous to the procedure given in
reference 2, |

Since during the sensitive time lag, the propellant elements ore upstream of
the combustion front, that ic, in region (1), the value of § ( F‘) and § ( ;)

should be evaluated using equation (2.1)s 1In general, F L is different from F ’

then the expression (2.9) would encounter some singularity when § ( F )=0
which does occur when the combustion front is located at the node of the pressure
oscillation in the combustion chamber., This is only introduced by the div;u:tm
by § (F) which is not at all necessary oxc‘ept for the purpose of convenience
and comparison with those in reference (2), The cane with E, < ¥ will be
treated in the last section of the present paper.

'  ‘;1 , We shall first consider the case where the value of the pressure sensitive

time lag T 48 of the order of unity as was treated in reference 2, éinoo the

velocity of the unburned propellsnt elements approaching the combustion front is
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small as compared to the small quantity W which is the velosity of the burned gas

downstresm of the front, we shall adopt the sssumption, following reference (2)

that ;‘-‘(t “-wt)m ,E and that s CF )‘) w 1, Equation (2,9) then becomes simply

' s By +€, i 03B (14 6)
' Ce » j ' ﬁ < °‘
; ' =6,
' where & is replaced by <wfor the case of neutral oscillations Then the only

€ (2.13)

s g« s e

b w B (6
complex quantity involved in the integral of equation (2.13) i o'““”?“'mw)hou

modulus is unity. From equation (2.4) we see that the integral of the modulus of

the complex integrand is unity, therefore we conslude that for neutral oscillations,

; and for oompletely arhitrary distribution of ¥ » We must have
| ¢ = | (2.1k4)
. If we write the integral of equation (2.,13) ass
. ,,A',uﬂ': o ® » -w.c'.a)fm & €, —-bw?f e
ce = & “[S —3{. “"’f #3 mdc]
~dy .
-5

P B (0 [ (e) e #E (o) 0T ] 4
Thus if # C-G)-'f{'(c) , that is, if ’5{ (€) 1s a symuetric or even function

of €, the last integral for tho case of neutral oscillation o4 = S, 4s real.
In this ocase,

. Te » T,
| c.n[c —fg(e)m(wcma).w

Even funotion of %—ﬁ (&) corresponds to odd funotion of £ (&) d.e,
antisymmetric distribution of £ (B) with respact to ¥, as was assuned in
reference (1) while dealing with the low frequency case snd T, was used in the

T F I the Integral in equation (2.15) 1is negative, & should be taken as the
o absolute value of the integral snd ¥ is not equal to ¥, but T~ ~ ¥, .

(2015)*
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blaoo of Tefor such antisymmetrio £ (€). The simplost examples of such
symmetric -ﬁ’f— (€) are

c""l N‘d cm‘
(1) #Ef - 3',’3“6 = oonstant with & ™ w €, T
/i ' cos w 6, T,
(44) ’3’2 "~ Y&, °08 ‘F —2; with €, » T.‘c'!ﬂ‘_i;ﬁ.)& ‘ (2.16)

as are given in reference (1)s For arbitrary symmetric function 4{' (&), the

. ,-ﬁ@* -

=3
-

ez

integral in equation (2.15) can be carried out analytically by expanding -gf' into
| lrourior series snd integrating term by term. The coefficients of the Fourier

expansion should of course be properly normslized so that equation (2.5) is

satisfied. ‘
. It 48 important to note that, for particular type of distribution function,
the value ¢f o depends not only on the manner'of distribution £ (&) but also on
the angular displacement WT, €, of the neutral o;cillatim during the time
intervsl of half the extent of time lag spread. In other words, ¢ depends on the
ratio of the total oxtent of time lag spread AT, &, to the period of the
oscillation T The magnitude of o remains less than unity and approaches unity

when €, approaches sero ss it should be. Furthermore the faet:or o could vanish

for particular values of the time lag spread as compared to poriod of oscillation
for each type of distribution. In equalion (2.18) th'o value of ¢ for type (4)
distribution vanishes when the total extent of time l;g spread .at',.,e. equals the
poriod of oscillation or any integral multiples of the period; and cp for type
(Iii) distribution vanishes when 2"&‘”6. equals any odd integral multiples of half

_period not less than three half of the period. Since « is approximately integral
multiples ofr and ¥, €, is only subjected to the restriction that ¥, 6, & ¥, ,
. the situation that G = 0 18 not impossible,

The magx;itudo of ¢ is of considerable importance in the stability behavior

of a given system as can be seen from the following qualitative consideratimn. In

the case of intrinsic instability, the only excitation agent is the variation of

W‘;memmwww‘.‘.:K.R:QWW&M%WNTNEP“}Z WBHED IR ST S WA M4 S
i B ' \ " . , ! ‘ ‘M%’-. 'khw) ?‘;‘f'b\‘: AN "\«‘::\“ ‘:‘ »
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the specific rate of burned gas generation whioh is produced by the variation of
the sensitive time lag. Equation (2.7) shows that this variation of pgas generation
. rate cun be divided Into two parts, the first part is due to the pressure
| variation at the end of the time lag which is the same for all propellmnt olen{onta
. burning simultsneously at the same location. The second part is ‘due to the
pressure variation that each element sensed in thu beginning of its sennitive time
lage The contribution of the second part is different for different wlsmmnty
having different time lags even if they burn together. With .optimu‘m timing, the
sun of the exciting contribution of the second part is added to that of the Lirst
part in stimulating instability. The modulus ¢ represants the maximum mnount of °
exciting oontlribution with optimum timing of the second part that 1a avallable
to augmont the excitation of the first part, ‘Therefore, intuitively, we see

that smoaller values of ¢ mesns a more stable system with optimum timing. The
fac't that ¢ is m'genoral less than unity (equation 2,14) when there is a
spread of time lag mdﬂ.lcntea that the effect of the spread of time log is alwoys
atabllizing so far as the unconditional stability is concerned, The stobilizing
etfﬁet is meximized when ¢ » o, that is when the inecrease of burning rate due to

the pressure variations that a group of elemonts sensed in the beginning of their

sensitive time lags is Just balanced by the decrease of the burning rate due to
that of another group of propéllant elements. The qualitative result that a
snallor value of ¢ means a more stable system as ocbtained from tho‘provious '
physical arguments is c:l:urly verified by the calculated results given in later
sections of the present paper,
Both ¢, and C, are plotted as shown in figure '2- ¥rom these two curves
or from equation «(2.16) directly we see thate is a duﬁpod oscillating

funoticn of w®,, €, and the magnitude of C is rather smsll compared to unity

]

. when W%, & o 18 bigger than the first zero of the function € § for example 7T
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for o, md‘!g: for cp. This situation cen arise either whenow is large for

_or "5' m corresponding to larger integral values of h for a given mode of oscillation

‘ ) N |
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higher modes of oscillation or when the total oxtent of the spremd of time lag
aim Go is sufficiently large as cmpurcd to the period of oscillation. Therefore

for a given fractional extent of spresd €, , unstable ranges of the values of Te

is less likely. Also for given extent of time lag spread T, &, , it is less
iikcly that higher modes of oscillation corresponding to larger integral values of
k could become unstable.
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3, Systems with Small Time Lag Spread

k , Because of the dependence of C on w and T' the determination of stability

i boundary with time lag spread is slightly more complicated than that in reference
| 2, Hovever if ‘o.h@ total extent of the spread of the time lag 2%, €4 is

! | | sufficiently small comparod to the period T of oscillation so that w®,, €9 i
a omall quantity for the fundamental or the first few higher modes, the value of €
is nearly constant {or each mode of oscillation and is close to but alightly less
than unity. ¥For such casep the determination of the stability boundary ls
considerably simplified w:ttlh the approximation o = constant for all possible

values of wy of the noutral oscillations of a givenmode., The small variation

TR R T e e e vy g

of ¢ due to the small variation of wy of the order of M can be noglected as

=
-

higher order small quantity., In this aéotion, we shall first consider systems

with small time lag spread.
0 For the determination of stability boundary, we put & m o w in equation

|
]
!

(2.12) where @ is the frequency of neutral oscillation, call the complex quantity
on the left hand side of equaticn (2,12) X+< Y ,

. /-8 up[.?&u(l-})]_ ‘.
x*"‘Y'—d’—[lf-Bexp[a.&»Cl-})] te-nh "'"‘”] (3.1)

vwhere B is given by equation (2,3) which is a funotion of the neutral frequency w,
. the burned gas velocity U and the geometry of the nonsle. For givoh' nossle
geometry and W, the complex quentity X<4+i Y is a function of & and ¥ only,
independent of the values of C and Te whioh characterise the time lag spread.
Therefore both X and Y can be caloulated for a series of values of ¥ and @ and
plotted as shown in fig. 3, which can be used for the determination of stability
boundary for arbitijary values of ¢ and T ¢ o
Equation (2,12) can be rewritten as the following two real equations
Yn € cos wBe n - Ci-X) (3.2)
Yn C sin @B wY
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' fho orltical valuoy of the index n of interaction and of the offective sensitive

=

time Llag Te corvesponding to neutral vselllations of frequency @ are obtained os

W » {<c-x)~(a~x)c[/~ ‘lif“: (;z;(-)*:( 'A} /J, (r-e*) .(3.3)

Bad s [SLT | o

whore the arc sine is takon in the gradrant consistent with the eipgn of cos wTe

oo glven in o'quntiona (342)

If n is of the ordor of unity, oquations (3.2) show that l TI mast be of tho
order of wnity becuuse & 15 less than unity. An investipation of equation (3.1)
loads to tho conclusion similar to the case without time lag spread that oin @

magt bo of tho order of M, 8o that the dimensionlnss froquencies of unstoble

osalllatiens, if any, will be close to htogpal nultiples of TT" with deviaticn

s e 3 W e e S T e 2 N St i i e e sa ™ -
-

of the order of Me In tho present dimensionleas schems, oscillationa with

froquency cqual to integral multiples of 7T corrospond to organ pipe modes of

puro acoustiecal oscillation in the combustion chamber. Since n must be real,

ok ub e

the range of possible values of tha froquencies of noutrsl oscillations 1o

§ Lfurther restriocted by equation (3.3) that

' )‘1 f- % e
ok Ler = Y

f- ¥’ i~e* = (-x)* (3+5)

‘ 13

. gl * + Tor a glven systum with given type of time lag distribution and the extent of

I . its spread, C is a function of @ only. 7-1,?' is also a function of w ,

. i '

~ 0N :;‘ Equation (3.5) then sets up both an upper and a lower limit of @ . When &
SN ;.,.! vanishes the frequency 4 of neutral oscillation is restricted to a single value
- \‘L i @, where Y (w, ) vanishes, When C aquals unity for systems without time lag

3 S ‘

spread, no such limits exist. Both these limits depend on the nature of the
time lag spread and the configuration of the combustion distribution and of the

nozzlee
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As noted belore, the factor & for givcn type of time lag spread with [ixed
T and € ddpends not only on the f.equency @ of neubral oscillation but also

-y

' on ’EM which is the same ay 'Ee_ for symmetric "a'z' o Therefors, equations

(3.3)‘ and (3.4) do not give explicit solutions of n and '5¢ in goneral., Butb if.

28 6
. the extent of time lag sproad '5," € o 1s sufficlently small so that &, ea/""""-;?"'.‘

is relativoly small as compared to unity, and the variation of & for each mode of
oscillation due to the small varjation of @ is neglected, ¢ can be assumed to be
constant for a given mode of oscillation, and equations (343) and (3.4) give
directly the oritical values of n and T ¢ corresponding to different ;raluea of &
in the neighborhood of certain integral multiple of. T e Since Q 1a close to

unity equation (3+3) can be expunded into a powor aseries or 1= C* as

t . |... /'lc-
T BE [ B o Tt e}

which reduces ton » -ﬁ% + J¥ 4-x) when G = 1 for the cace of no timo
lag spread as is given in (2). Equation (3.6) shows that the critical value of n '
with time lag spread ( ¢< 1) is always larger than the critical value of n

without time lag spread corresponding to the same frequency @ of neutral oscillations

For given value of C. , the minimum value of n is given by:

/=X (w,)
"min * ¥+ c)

where @, is determined by
' ‘ Y (wo ) = 0
. /X (W, )
This minimum value is always bigger than 2y which is the minimum
value of n without time lag spread. Typical computed results with o = ,877".& Mw
04213 for C = 0,90 and several values of '} sorresponding to different poaitiénu of

K concantrated combustion front is shown in figures L and 5, The unstable renges
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for the effective time lag ¥ e for aystrms with n = 1 are shown n figure 6 versus
; where the dotted curves indicate the stability bowndary for the case with no
time lag spreads It 18 clearly seen that the unstable regions.of T v,0, ,! for

the case with time lag spread C = 0.9 lie entirely inside the unstable regions
for the case without time lag spread C = 1,0, The effect of spreading the

B e b T~

sensitive time lag i3 thus found to be stabllizing in every respect. From

N
-

figare 2 , we ses that for fundumental mode of oscillation half oiunt of the
time lag spread, T €, , 48 spproxinately 1/3 and % at C = 0.9 for the
sinusoidal and for the linear distribution respectively. Thus, the total extent
2 €, T e  of time lag spread 4o nearly twe third to one half of the wave
propagation time in ths combustion chamber., The stabilising effect with C » 0,9

T P TR S armes i e e

as seen from figures i and 6 is not very impertant, The stabilizing effeot will

of course increase as C decreases when the mxtant of time lag spread incresses

oy g

s)ightly trém the small value. The minnimma valus of n campatible with unstable
oscillations with combuation concontrated at injector end for different values
of C are givon‘ in figure 7 with npin shown to be increasing atoadily as C
decreases, 'rho curve is shown dotted when ¢ is considerably less than v..ity,

because the assumption of constant C is not valid in the solution of the

characteristic value probim.
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he Systems with Significant Amount of Time Lag Spread
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' When the extent of time lag spread 1s not very small compared o tho period q
‘ of oscillation, the variation of ¢ due to the small variation of @ in the solution 1
of the characteristic problem is no longer negligible. The oriticel valuns of n

v and B¢ ocorrespending to neutral oscillations of frequency < must be solved

s ‘l 2 .

simultaneously from eqiaationa (342) and the equation definingc for given type of
tine lag distribution. Let us consider the symmetric sinusoidal distribution
where ¢ 1a'given as cp in equation (2.16)s Then, for a given frequency @ of

neutral oscillation, the eritical value of &% e. is given by
~Y.

Gin ..,o,.=(-é-~cosw.,)~ T-X (be1)
with
cos w’u eo
N L 5 P o | '
€, = (- (TRt (2.26) !

The right hand side of equation (L.1), ™ / -X), 1s determined only by « for

given position of concentrated combustion, and the left hand side of equation (L.1)

i3 a function of w?, and €, only, Thus both sides o;r equation (L.l) can be

plotted independently of sach other aa shown in figure 8. A graphical solution of

the cuuracteristic value problem basod on equation (L.1) and figure 8 is found vory'l
. _convenient, For neutral oscillation of frequency « with given value of ; s the

value of =Y /( 1leX) is read from the left hand side curve. Then carry this

ordinate to the right hand side ourve.for the selected value €, and read the

critical value of wZe from the abscissa. When 41T is determined, the criticul

values of Te is immediately obtained by division and the oritical value of n is

obtained Lrom

_ Y L= X
M= Ye e o ¥ CInC cos W) )
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Typlcal computed resulis ss given In figures 9 end 10 for systems with a
nozzle having a stoady state dimensicnless veloclty grediont Wy =TT in Lts

. subgende portion so that @ = B 7T, Thus integral values of P indicate frequencies

of pure agoustical oscillationse In figures 9 a, b, and o the critical values of
n corresponding to neutral osclllations of different reduced frequency parsmeter
# are glven for systens with coubustlon concentroted at different pouitdons ,E
and with different fractional extent €, of time lag sproads Tn figure 104 the
critical values of Te corresponding to neutral osolllaticns of different
reduced frequency parametexr P arc given. All those curves are of similar shape
os the corresponding curveo without time lag spread given in figurcs 7 wd 8 4n
referenco 2 except that the curves with time lag sproad are in genoral diaplacer:l
' toward largoer velues of n and omaller ranges of P » This obvicusly indicetes
the stabllizing effect of the t:l.mc lag spread as nrmpared to corresponding systoms
without timo lag spread. In: figure 1ll, the unstable regions of 'Be m'adﬁ for the .
fundomental mode of oscillation k = 1 and h » O with n = 1 are shovm for different
. values of the fractional extent &, of time lag spread of the sinusoidal typee
The stobllizing effect of increasing Go in roducing the unstable regions of the
time lag 'Ee and the position of the concentrated combustion’ front is clearly
illustratods This is due to the docrease of ¢ with increasing extent of time
‘ lag spread Te €, . In figure 12, the minimum values of n for systems with
combustion concentrated at the injector end are ahmm(to be increasing with
increasing fractional extent €, of time lag spread of a given type. All these
resulta confirm the stabilizing effect of the spread of the sensitive time lag,
Besides this stabllizing effect, there are also several other interesting
aspects of the effect of the spread of time lag that are worth mentioning, 1In
. figure 9a with €, w1, the value of n increases very fast from the minimum value,
Rpin s whenF is smaller than 77 = taﬁ‘M.S (&) which corresponds approximat.l;r to

Nyine The renge of the frequencies of unstable oscillations does not extend very
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far below the value of TT = tn"ﬁ'

MeS (@ ) even when n is considerably lerger than
Ppine 0 figures 9b and 9e with €o = 3/, and % respectively, the same situatior{
. con be observed, but less asignificantly. That these must ocour can be seon
clearly from figure 8 that alin wte/ (& < cos @) will not be mere negative
than certain value which corresponds  to the smallest possible frequency of

noutral oscillation of that mode. When €, decreases corresponding to smallex

A

froacticiol extent of time iog spread, the minimum value of sin efe/ (-é - cos M)
extonds further negatively. This results in a smaller froquoncy Limite. Whon

g g e A e s Tt

thore 1s no tine lug spread.no such limits exist, the unstable oseillations with

froquoncy much lover than the corresponding acoustlical frequency could occur if

tho valuo of n of the propellant is suffiolently larges The existence of such a
. Lovar limit of the frequency of unstable oscillation has also been Indlcates in
cquation (3.5) where the limit is not very restrictive toecnuulof the anall oxtent
of timo log spreade Therefore, ‘;:hon the extont of time lag spread is comparable |
with the period of oscillation, the frequency of the unstable cscillation will not '
doviate significantly, from k7= SM no matter how large the value of n nny bu.
The increasing stabilizing effect of larger extent of time lag sprewd of a

given type leads to snother interesting result that for s given value of n, and

o givlon fractionel extent &6, cf time lag spread, the unstable rmgo' of ®e for

o givon mode of oscillation at large integral values of h cannot exist, ond that
Nuin increonses with incressing he Results of previous snalysis witﬁ no time lag
spread €, = 0, show that for a given mode of oscillation to become unstable, 'the
pressure sensitive time lag can lie in any of the discrete ranges of values in

the neighborhooc{ of 2h + J. where h takes successive larger integral values, The
Din of a given mode 'is indepondent of the ~"-~ of h, When there is a given

! , : . fractional extent €, of time lsg spread critical values of % o corresponding to .

successive larger values of h for a given mode lead to awccesslve larger values
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of m’:‘e €, as 'well as W o Thus as a genersl trend, the incresse of w"&c €,
results in the decrease in ¢ (except for the osclllations of the values of ¢
with deore&sing amplitude)s ‘Therefore, when h takes larger integral values, the
minimun value of n compatible with unstable oscillation of that mode Ls increased
and the unstable region of T, around 2h + L is reduce’, For exomple, with €o = 1
and n = 1, there is an‘udntable range of Te around Te~ 1 when h = 0, but
there is no unstable ranges of Te around s -5 2h 4 1 when h = 1,2,3 ctea

The results as given in figures 1l and 12, and thut in figure 7 for the case
of e;mull extent of time ley spread of any type, show rather conclusivaiy thot
incroasing extent of time lag spread stabilives the combustion systen primarily
due to the decrease of ¢ with increasing wl'?"..\ €g or 2T, €, /T Since tho
nognitudes of ¢ for tﬁo two types of time lag distribution depond enly on the
parameter "“""?‘%.-—-5-9— . :.'_'E_g’.___.‘:'_n. » it can be easily inferred without
further domonstration that, for a given extent of time lag spread, the stabilizing
offect is larger for higher modes of oscillation, that is for ascillations of
smaller perieds This larger stabilizing effect of time lag spread toward higher
modes of oscillations, like the larger stabllizing effect of the nozzle, holps
in eliminating the unstable oscillations of higher modes,

Also in figure 12, the values of Dpin Sce given for both the linear type
and the sinusoidal type of time lag distribution. It is seon that nyyy ror
linear type distribution is consistently larger than that for ninuaomdnl. type.
Since lineer type distribution means that equal fracticnal amount of propellunt
elements are distributed in equal time lag interval, while the symmetric
sinusoidal or the cooine type distribution indicates that more propellant elements
are distributed near the mean value of the time lag, the result as shown in
figure ;e, therefors, indicates that a more uniform distribution is likely to
have greater stabilizing efféct., This last inference is, however, not

conclusive since only two ap‘eoiﬂc types of distribution have been investlgated,
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224
Be Sys't.en;s with Large Pressure Sensitive Time Lag

' It has been assumed in soctions 3 and L that the sensitive time lag'zf i9
ol the order of unily so that the insensitive upace log (5.4: is practically the
Te iith % w Lo ds
glven by equation (2.13) instead of equation (249)s If now the sensitive time lag
T 1s large, then ;,., is in goneral slightly smaller than B end $ ( E . )y which
io the time independent part of the density variation of burned geas at }';4 upstream
of the concentrated o'ombuaf,ion'fron'o is not tho some as §( }'. ) at the front. The
acoustical solution as glven by equation’ (241) with x w ;,;, should be used in
ovaluating § ( ;’0'. The quantity ; - F,.', is the dimensionless distance travelled
by the unburned propellant eloment during its sensitive time lags The velocity
of the unburned elements rolative to the surrounding burned gas will ‘be vssumed
to have been sufficiently damped out during the insensitive time lag so that the
volocity of the unburned elements 17 approximately given by the 'moan burned gas
velocity upstream of the concentrated combusticn fronte With the schamatic
ropresentation of a concentrated combustion f{ront, the burned gas velocity
upstream of the front is negligibly small as compared to the burned pas velocity
dounstream of the fron't. which 1s itself a small quantity M, The sensitive time
1agf5 should be, at least, of the order of 7‘1‘" or larger m ordex that F - ',E-‘,
18 not nogligivly small compared to (E o Therefore, if the total e:;tant of the
spread of the sensitive time Lag of different elements is not very much bigger
than unity, F..‘, of all propellant elements can be considered as equal and
cquation (2.9) defining (:em‘ﬂ}c can be written as ,

€ df i (&7
. AT $ CEi) 5 *ge
¢, € e o TC.EF.T. é

¢ (5e1)
‘ . €,
where < is the magnifisation factor of ..ie effect of the spread of sensitive time
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lag with; F,. not negligible, The integral 1nvolved in equation (5.1) 48 the
'aame as that in equation (2.13) defining e e for the case with prossure

P et
-

gonsitive time logs of the order of unity l.e. ;,z, = E o The effect of

1arge pressure gensitive time lag appexiru as a multiplying correction factor

§ ( (E’b )/ 5((5), which is equal to cos @ E L/ cos wF for neutral oecillation ‘
‘ of frequency w o This multiplying correction factor is a real quonbity. *
i _ Therofore, for a given type of time lag distribution, the effective %

sonsitive time lag is related to T',,, and 6? o in the same mannor no matter ;

: whether the magnitude of tho sensitive time lag 1s of tho order of unity or very

e

i

g, large provided that the total extent of time lag spread is not too large. It is
) only tho magnification factor that is modified by the ratio S(;,z.)/ $( ;‘ ) Le0e
| e, =C S'(F‘-, )/S(f) The characteristic equation (2.12) for the determination of

e

the stubility boundary remains unchanged with ¢, replacing <. The stability

"boundary can be determined in exactly the some manner as described in previous

soctionse From the results in previous alcotims, the larger the magnitude of
¢ 18, the more unstable the system is. Therefore, the qualitative trond of the
offect of large sensitive time lag on the weonditional intrinsic stability as
oxprassed by the value 01: Npin compatible with any unstable oscillations, may
be oi.thor atabilizing or destabilizings because S(ﬁt )Y S(;) can be cither'
larger or smaller than unity depending upon the values of ; . and ; .
Tf all combustion is concentrated in the neighborhood of the injector, both
) F and ; L are approximately sero so that § (F ) s (;) g’-}:—;—%ﬁ' remains
unity for whatever values of the sensitive time lags. The stability behavior of
such a system is not affected by the order of magnitude of the pressure sensitive
P time lag for & given type of distribution of the time lage If combustion is
‘ concentrated in the néighborhood of ahy antirnode of a given mode other than
injoctor end, then cos w}s 4/ cos wF is always less then or at most equal to unity,
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Thus the system with ?.L < ?- 13 more steble than the system with ‘F L™ F R
everything else being the sames If combustion 18 concentrated in the immediste
neighborhood of a node of a given mode, then cos w F,g / cos wf’ beounes very large
when fﬁ;( f while the limiting value of cos w;,;/ cos w{E with F A approaching
; 15 undty. Thus the system with combustion aconcentrated at & pressure node
1s greatly destabllized by the large sensitive time Lag. It is thus olearly seen
that tho effect of Large sensitive time lag with (E,‘_ lens than‘g deponds not
only on thc position of the concentrated combustion front, that is tna total
space lag of the ocnbustion system, but also on the different modes of ossillatien
that is being comidoroq. |

To illustrate this qualitative discussion, let us consider the unconditional
Intrinsic stability of the fundamental mode in :'sya’c.ema with combustion concentrated
at different axial positions. Wo shall restrict tho present caloulation to the
case whoro the total extent of time lag spread 2:f2m €, is Qurficiontly snall so
that

§ (%)
“t 1% (’%— l

can bo oonsidered as constant for given values of ; L and ; in the solution of
the chnracteristio value probleme. For this case the minimum value of n compatible

with any unstable fundamental mods of oscillatiion is given by
/ - X <w°> '

”Y\ \ » 5'2
min yG+ey) . (5:2)
with
- R C“o)
4
X Cdu.o) cos (- F)a, +CR‘+sﬂ)M s; (l-;)nom:z SMsin "“‘o("F ) (543)
and @, in ohtained from ‘{ (wo ) = 0 and can be determined from the following
relation |
£od (.z~ a ()
Sin o ~5M ; dos - 4 (R 8%) M cos 4, tan (1~ ;)wo (54h)
- . " v P e I T R S e T SR LT Ui LA s Ll R 'I' ” ;*f- '“*wmwwwwf?wwuu A AWK
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For the fundanental mode, @, 18 token in the neighborhood of T, and both R
and S are t‘unotiom?,:wg and the geomotry of the; daLaval nozzle. The present
calculation is based on tho values of R (@) and S () as given in figure 1 for
a nozale with a linear steady state velocity profile of dimensionless slope 7T
in its subsonic portion and Myds tuken as 0.213.
Conputed results for the fundamental mode of oscillation are shmm' in figures
' 13 to 15, In figures 13, the values of npy, are plotted versus tho positien ?
of tho concantrated combustion front for scveral values of F - ;,,_', vwhen thoroe is
no sproad of the time lag s8¢ C = 1. In figure 1k, the same is plotted when
thare 1o a small sproad of the time lag with C = 0.9. When gombustion Lo
concentrated at the injector end both ; 4 and F must venizh and the mindimun
voluo of n is not affected by large pressure sensitive’ time lage Tho systom
with combustion concentrated at injector end '4s still the most unstable
sonfiguration that is the configuration with the smallest value of Nggne Vhen
conbustion is concentrated in the upstream half of the combustion chambor, F < #
thoe value of nyiy i8 decroased by large time log and when conbustion 1s concentrated
in the dovmstream half, ; 7 4, the value of n,y, 48 increased byl large ine Lage
Dy observing equa?ion (5.2) that X (@ o ) is independent of F & ond of time lag
spread, we sce that the value of n.,, 18 increased or deoreased npcording as
' S <;4. )/ S(;)/ -;5 l. Since ;_‘;13 less than ;, the ratiMIS("?';,)/s( ;‘, )‘
is greoater than unity when F{*} and the value of npyy 48 expected to decreaso
' as shown in figures 13 and L4s The presence of time lag spread does not
complicate the situation. This quuli.tqti\'re statement concerning the magnitude of
tho ratdo of | § (F)/ 3 (§)] 4n detemintag the relative unoonditicnel
stability helps in understanding the effeat of large time lag on the stability of
higher medes of oacillution eapo'einlly when { - ; « 18 comparable w‘ith the wave
length of that mode.
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In £igure 15, the oritical values /Z*‘(._ that define the regions of the positions
!(’ of the cdoncentrated conbustion front where the fundamental mode is always stable
when n & 1, are showm for difforont values of the preassure sensitive space lag
F F . ‘Tho stable region 18 seen to bo shifted downstream ay conpared to the
stable reglon whon‘f ;. £ and the ma[;njtude of the shift inoreasos when the
provoure sensitive space lag becomes largor. For higher modes of oscillatilonn
the qualitetive plotures of nyy. v.s. F and the stable regions of E v F.'; »
in a half wavae length are eoxpacted to be similar to those pgiven in figurcs 13 fo
15 for tho fundamental modo, providedlthat ; - ? o romains small compared with
vavo lengthe It should be noted, howover, that so far as unconditionol intwinzic
uhability of a system is concerncd, the voluos of nyin of higher modes then the
fundomontal end/or the second modo are relatively of little importence becausc
they are expocted to be larger due to the inorecasing stabilizing effect of thy
nonude toword higher modes of osoillations,

Dy conparing tho values of np4, for given position of the concentrated
coubustion front F as given in figvres (13) and (14) for cm 1 and C = 0.9
ronpoctively, wo see that the values of nyy, with time lag rpresd (e = 0.9) is
alvays the larger for any values of F e+ In figure (15) the stable region fox
oystens with ¢ » 1, (without timo lag spread) lien entirely inside the stable
rogion for systems with ¢ = 0,9, (with & amall time lag spread). Tt is therefore
concluded, that tho stabilising effect of distributing the time lag as compared
to the corresponding system without time lag spread is not affected qualitatively
by the order of magnitude of the sensitive time lag, be it of the order of uni ty,
or of the order of 7:4"0:' larger,
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6. Summary of Conclusiocns

The stebility of combustion in a liquid propaliant rocket with combustion
concentrated in a narrow region at distance F domstream of the injJector end

toward small high frequency disturbances are analyzed when the sensitive time lag

of different propelleant elements are distributed in a prescribed manner., Both

L W S e s e e

the cases with dimensionloss sensitive timo lags of the order of unity and the

cases with very large sonsitive time laga oy the order of7%‘or larger ars troated.
The offect of distributing the sensitive time lag can be represented by a
magnific#tion factor ¢ defined b& the following complex integral

-ww’l‘c Seo ﬁ% _S_LF,‘. (et~ ), ¢ - 'dJ s T ol €

c
‘ e, s (§,¢)

where ¢ is the absolute magnitude of the complex quantity which ropresonts the

o A e DR ST ¥ Y S Md T g

maximum possible amount of contribution in exciting inetability due to the
variaticn of burned gas pressure acting on different propellant elements at tho:

baginning of their respective sensitive time lags. For a given goemetrical

configuration, the combustion is stabilized or deatabiliszed by the sprond of the

time lag according as ¢S 1, For different specific instances, the following:

conclusions are obtained:

1. When the sensitive time lag of the prope;lant is of the same order of
) magnitude as the time required for the pressurs wave to travel the length of
the conbustion chamber, i.e, T = 0 (1), the sensitive spuce lag ¥ - f L is
ncgligibly small, The magnification factor ¢ is always less than or at most
equnl t0 unity when the sensitive time lags of different propcllant elements
are different, ‘A system with time lags of different elements distributed in
a certain region is more stable than the corresponding system with the same
time lag for nli propellant slements in having a larger value for nyin and

gmaller unstable regions of the timo lag and the position of concentrate”
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combustion front for a given value of n of the propeilants The following
conclusions numbeved 2 to 5 pertain to systems with dimensionless time lag
R of the order of unity.
2, When the extent of the time lag spresd is considerably less than the period
of oscillation of A given mode, the magnification faotor ¢ is only elightly
% less than unity and is nearly constant for a given type of time lag distridbution
t ) and for a given mode of oscillation. When the extent of the time leg spread

inoreanes the magnitude of ¢ decreases and the stabilizing effect increases

even though the stabilizing effect remains .small.
3, Whon the extent of the time lag spread is considerably larger than the period
of oseillation either due to the small period of the higher modes of oscillation

A s e o

or due to the large extent of time lag spread, the magnitude of ¢ is

conaidorably less than unity, md these modes of oaoilhtigm are strongly
ntabiluod by the apread of timo lags. Thus higher modes of oscillation whooe
t period is significantly less than the extent of the time lag spread is not

l r likely to beoome gnutnblo.

:. z: i+ When the extent of the time lag spread is comparable to the pericd of

i | oscillation, the stabilising effect is quite significant and incrcases with

I increasing extent of time lag spread. The “requencies of unstable oscillations
remain in the neighborhood of the corresponding acoustical frequency and will
not be much lower than kT« SM even when n is large. .

' 5. For given extent of time lag spread which is small compared to period of
olcillation, a lyltom with propellant olomonta uniformly distributed in the
range of t:lmo lag spread 1s more atable than a system with elements

distributed according to consine law where mors elements have time lags in the

neighborhood of the mean value.
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" 6 When the sensitive time lag of the propellsnt is much larger than the time
required for the preasure wave to propsgate the chamber length, i.e. '

' | T 727 0 (1) the qualitative stability behavior of the systen is essentislly
similar to that of the corresponding system with @ = 0 (1), only that the
stable regions about each node for giv'on value of n are shifted downstream,

For a given poniti'onf of the concentrated combustion front, the system witlh

T e T

. very large sensitive time lag is more stable or less.stable than the
corresponding system with sensitive time lagT = 0 (1) sccording as
S(F,{. Y s ¢ "F ) § | « Te effect of spreading the pressure sensitive
time lag on the stability of the system as compared to a corresponding system

withont time lag spread is in general stabilising as described in items 1 to

5 for the case when the dimensionless pressure sensitive time lu‘f" is of

the order of unity.
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